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Gastrointestinal complications in human immunodeficiency virus (HIV) infection are indicative of impaired
intestinal mucosal immune system. We used simian immunodeficiency virus (SIV)-infected rhesus macaques
as an animal model for HIV to determine pathogenic effects of SIV on intestinal T lymphocytes. Intestinal
CD4* T-cell depletion and the potential for cytokine responses were examined during SIV infection and com-
pared with results for lymphocytes from lymph nodes and blood. Flow cytometric analysis demonstrated severe
depletion of CD4*CD8"~ single-positive T cells and CD4*CD8™" double-positive T cells in intestinal lamina
propria lymphocytes (LPL) and intraepithelial lymphocytes (IEL) during primary SIV infection which persist-
ed through the entire course of SIV infection. In contrast, CD4* T-cell depletion was gradual in peripheral
lymph nodes and blood. Flow cytometric analysis of intracellular gamma interferon (IFN-y) and interleukin-4
(IL-4) production following short-term mitogenic activation revealed that LPL retained same or higher capac-
ity for IFN-y production in all stages of SIV infection compared to uninfected controls, whereas peripheral
blood mononuclear cells displayed a gradual decline. The CD8™ T cells were the major producers of IFN-y.
There was no detectable change in the frequency of IL-4-producing cells in both LPL and peripheral blood mono-
nuclear cells. Thus, severe depletion of CD4" LPL and IEL in primary SIV infection accompanied by altered
cytokine responses may reflect altered T-cell homeostasis in intestinal mucosa. This could be a mechanism of
SIV-associated enteropathy and viral pathogenesis. Dynamic changes in intestinal T lymphocytes were not
adequately represented in peripheral lymph nodes or blood.

The gastrointestinal (GI) tract harbors more than 85% of
the lymphoid tissue and over 90% of the lymphocytes in the
body; peripheral blood, in contrast, represents only 2 to 5% of
total lymphocytes. Thus, intestinal tissue may be a significant
reservoir of the human immunodeficiency virus type 1 (HIV-1).
Since the intestine harbors a large pool of activated lympho-
cytes, it is also an important site for early viral dissemination as
well as for the initial host-virus interactions. GI abnormalities
such as nutrient malabsorption, malnutrition, diarrhea, and
weight loss are commonly seen in HIV-infected individuals and
are indicative of mucosal immune dysregulation (6, 17, 18, 27,
31). The CD4" T-cell depletion was more pronounced in du-
odenal mucosa than peripheral blood in individuals with ad-
vanced HIV infection. However, our understanding is limited
with respect to how the intestinal mucosal immune system is
involved in the primary HIV infection and whether immuno-
phenotypic and functional alterations in intestinal immune
cells are adequately reflected by circulating immune cells in
peripheral blood. The time course and severity of CD4* T-cell
depletion in intestinal mucosa compared to peripheral blood
or peripheral lymph nodes are not known. Since pathologic
processes occurring in lymphoid organs may determine the
outcome of the viral infection, it will be important to evaluate
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the alterations in intestinal lymphoid cells with respect to T-
cell homeostasis and function in HIV infection.

HIV infection is characterized by CD4 " T-cell depletion and
depressed proliferative and cytokine responses of peripheral
blood mononuclear cells (PBMC) to mitogenic or antigenic
stimulations. It is not known whether intestinal T lymphocytes
exhibit similar functional defects. The ability of T lymphocytes
to produce cytokines in response to pathogenic organisms is
crucial in inducing and maintaining effective innate as well as
acquired immunity. Since intestinal T lymphocytes are localized
at functionally distinct sites, including intestinal epithelium
and lamina propria, it will be important to examine isolated
cell populations for their cytokine responses. Intraepithelial
lymphocytes (IEL) located in the epithelium and lamina pro-
pria lymphocytes (LPL) located in the lamina propria are ef-
fector cells with the memory phenotype and are important in
the virus-specificresponses (26,41, 63). They are immunophe-
notypically and functionally distinct from peripheral lym-
phocytes. Studies on intestinal lymphocytes in HIV infection
have been limited due to the difficulty in obtaining adequate
amounts of tissues in early stages of infection. Suitable animal
models of HIV infection are valuable in determining kinetics
of CD4* T-cell depletion and cytokine responses in intestinal
mucosal immune cells following viral infection to gain insights
into mechanisms of CD4" T-cell depletion, T-cell homeostasis,
and immune dysregulation in HIV infection.

The simian immunodeficiency virus (SIV)-infected rhesus
macaques serve as an excellent animal model to study immu-
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nopathogenesis of HIV (38, 61). We have previously shown
that the GI tract is an early target for SIV infection (28).
SIV-infected T lymphocytes and macrophages were detected
throughout the intestinal mucosa, and macrophage infection
was dominant in the primary acute and terminal stages (28—
30). The SIV-associated enteropathy could be documented in
primary SIV infection in the absence of detectable opportu-
nistic enteropathogens, indicating an occurrence of immuno-
pathogenic events early in intestine and potentially more se-
vere than those in peripheral blood (28, 61).

We hypothesized that dynamic quantitative and qualitative
changes may occur in intestinal T lymphocytes in primary HIV
infection which may not be adequately reflected in peripheral
lymph nodes and blood. To test this hypothesis, we isolated
IEL and LPL from jejunal mucosa from rhesus macaques
during primary acute, asymptomatic, and terminal stages of
SIV infection and examined immunophenotypic (CD4" and
CD8™" T cell percentages) and functional (gamma interferon
[IFN-vy] and interleukin-4 [IL-4] expression and cytotoxic T-
cell activity) alterations. Our data demonstrated that there was
a severe depletion of intestinal CD4" T cells in the primary
SIV infection which was not adequately mirrored in T lympho-
cytes from peripheral lymph nodes or blood. However, intes-
tinal T lymphocytes retained a high potential of IFN-y produc-
tion through the entire course of SIV infection, in contrast to
the PBMC, which showed a decline in that potential. Thus,
intestinal CD4" T-cell depletion accompanied by altered cy-
tokine responses may reflect altered T-cell homeostasis, and
this may be a mechanism of viral pathogenesis.

MATERIALS AND METHODS

Animals, viral infection, and tissue collection. Rhesus macaques (Macaca
mulatta) were housed at the California Regional Primate Research Center in
accordance with American Association for Accreditation of Laboratory Animal
Care standards. The animals were seronegative for SIV, type D retrovirus, and
simian T-cell leukemia virus type 1 at onset of the study. Animals were intrave-
nously infected with 10% to 10° 50% tissue culture infective doses of SIV,,,251.
This viral inoculum was previously shown to cause persistent viremia and infec-
tion of multiple tissues in vivo, leading to fatal AIDS-like disease (44). The viral
infection studies were performed with two groups of animals: group 1 (n = 4) was
infected for the short term (1 to 6 weeks), while group 2 (n = 9) was infected for
the long term (4 to 18 months).

Four animals in the group 1 were 4 to 5 years of age and had short-term
infections encompassing the primary acute phase (1 to 4 weeks postinfection
[p.i.]) and early asymptomatic phase (6 weeks p.i.) of infection. Longitudinal
immunophenotypic analysis was performed on isolated IEL, LPL, and PBMC.
The lymphocytes isolated from jejunal biopsies or peripheral blood samples from
the same animals prior to SIV 251 infection, and from one uninfected healthy
animal, provided preinfection control values. Jejunal mucosa, axillary (Ax-LN)
and mesenteric (Ms-LN) lymph nodes, and blood samples were collected at
necropsy from SIV-infected animals during the primary acute (n = 3) and early
asymptomatic (n = 1) stages of infection.

Animals in group 2 were 5 to 15 years of age and had long-term SIV infection
encompassing asymptomatic (4 to 9 months p.i.) and simian AIDS (SAIDS) (1 to
1.5 years p.i.) phases. Animals were infected intravenously or vaginally with 10?
to 10° 50% tissue culture infective doses of a previously characterized STV, 251
inoculum (courtesy of Chris Miller, California Regional Primate Research Cen-
ter). Intestinal mucosa and blood samples were collected at necropsy from
SIV-infected animals during the long-term asymptomatic (» = 5) and SAIDS
(n = 4) phases. Isolated PBMC, IEL, and LPL samples obtained at necropsy
from three uninfected animals of comparable age served as negative controls for
the animals in group 2.

Detection of SIV-infected cells by in situ hybridization. Tissue samples were
examined for SIV infection by in situ hybridization as previously reported (30),
with minor modifications. Cells positive for STV RNA in intestinal tissues were
detected by in situ hybridization of SIV RNA with digoxigenin-UTP-labeled
riboprobes. This assay was able to detect cells with active viral replication but was
not sensitive enough to detect latently infected cells with low SIV proviral copy
number. Formalin-fixed and paraffin-embedded intestinal tissue sections were
deparaffinized and treated with proteinase K for 10 min at 37°C, followed by
prehybridization for 1 h at 50°C in hybridization solution containing 5X SSC (1X
SSC s 0.15 M NaCl plus 0.015 M sodium citrate), 5X Denhardt’s solution, 50%
deionized formamide, 10% dextran sulfate, and 1 mg of tRNA per ml. Then the
tissue sections were placed in a humidification chamber at 50°C for 16 to 18 h to
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hybridize with the labeled SIV probe. The unhybridized SIV RNA probe was
removed by washing the slides at 50°C in the wash buffer containing 50%
formamide and 2X SSC, followed by 1X SSC and 0.5X SSC. The slides were
reacted with RNase A for 30 min to hydrolyze the remaining unhybridized SIV
RNA probe. Then slides were incubated for 1 h with a monoclonal antibody to
digoxigenin conjugated to horseradish peroxidase and counterstained with he-
matoxylin. The positive controls included SIV-infected PBMC cultures or pre-
viously characterized SIV-infected intestinal tissues. The negative controls in-
cluded intestinal tissues and PBMC from uninfected healthy animals. The slides
were microscopically examined for the presence of SIV-positive cells, and each
tissue section was scored semiquantitatively from 0 to 5 for viral load as follow-
ing: 0 (no positive cells), 1 (1 to 10 cells/tissue section), 2 (1 to 5 cells/25X field),
3 (6 to 10 cells/25X field), 4 (11 to 15 cells/25X field), and 5 (>15 cells/25X field).

Isolation of lymphocytes. The IEL and LPL were isolated by using modifica-
tions of previously described procedures (13, 34, 62, 68). Briefly, samples of
jejunum 10 to 20 cm long were collected within the 30 min of necropsy. The
tissue was cut into 0.5-cm? pieces, rinsed in cold phosphate-buffered saline
(PBS), and used for sequential isolation of IEL and LPL. The IEL were isolated
first by incubating tissue in IEL isolation medium (Hanks’ balanced salt solution
[Gibco BRL, Grand Island, N.Y.] containing 0.75 mM EDTA, 100 U of penicillin
per ml, 100 U of streptomycin per ml, and 5% fetal calf serum [FCS]), pH 7.2.
Subsequently, LPL were isolated by incubating tissue samples in LPL isolation
medium (RPMI 1640 medium containing 15 U of collagenase [type II; Sigma],
100 U of penicillin, and 100 U of streptomycin per ml, 5 ml L-glutamine, 5 ml
HEPES buffer, 5% FCS). All incubations were performed at 37°C with rapid
shaking for 30 min. The cell suspension media were passed through stainless steel
screen cups to remove the residual tissue fragments. Cells were washed and
resuspended in RPMI 1640 complete (100 U of penicillin per ml, 100 U of
streptomycin per ml, 10% FCS) and stored on ice till use. The whole process was
repeated at least three times for each cell type.

Isolated cell samples were enriched for lymphocytes by isotonic discontinuous
Percoll (Sigma) density gradients (35 and 60% [vol/vol]). Isolated IEL and LPL
samples were resuspended in RPMI 1640 complete medium, layered on the top
of the gradient, and centrifuged at 1,000 X g for 20 min at 4°C. Lymphocytes
formed a band at the interface between the 35 and 60% Percoll layers, which was
collected. The number of isolated cells from ~20-cm-long tissue was in the range
of 5 X 10° to 30 X 10° for IEL and 2 X 107 to 8 X 107 for LPL, as determined
by counting with a hemocytometer. Viability of lymphocytes was greater than
95%, as determined by trypan blue exclusion staining.

Lymphocytes were also isolated from lymph nodes and peripheral blood sam-
ples. The cells were isolated by density centrifugation over Lymphocyte Separa-
tion Medium (LSM; Organon-Technica, Durham, N.C.).

Aliquots of freshly isolated cells were stained with fluorescently labeled anti-
bodies for flow cytometric analysis, while the remaining cells were washed in PBS
and cryopreserved.

Immunophenotypic analysis of T lymphocytes by flow cytometry. The CD4*
and CD8" T-lymphocyte subsets from isolated mononuclear cell samples from
peripheral blood, lymph nodes, and intestinal mucosa were examined with mouse
anti-human monoclonal antibodies CD4-phycoerythrin (PE) (OKT4; Ortho Di-
agnostic Systems Inc., Raritan, N.J.), CD8-fluorescein isothiocyanate (FITC)
(Becton Dickinson, Mountain View, Calif., and Caltag Laboratories, South San
Francisco, Calif.), and biotinylated CD3 (Biosource International, Camarillo,
Calif.), followed by streptavidin conjugated to Tricolor (TC; Caltag). These
antibodies have been shown to cross-react with macaque lymphocytes. Isotype-
matched immunoglobulin G1 (IgG1)-FITC and IgG1-PE antibodies (Becton
Dickinson and Caltag) were used as negative controls. Isolated cells were washed
in flow buffer (1X PBS with 1% bovine serum albumin and 0.1% sodium azide),
and 10° cells were incubated with anti-CD4 or anti-CDS§ antibody for 30 min at
4°C. After being washed in 2 ml of flow buffer, the cells were fixed in 0.5 ml of
cold 1% paraformaldehyde, pH 7.4. Whole blood samples were used for immu-
nophenotyping PBMC. The EDTA-treated blood samples were stained with
anti-CD4 and anti-CD8 antibodies for 15 min at room temperature, followed by
a whole-blood lysis Q-prep (Coulter) procedure according to the manufacturer’s
instructions. Acquisition of data was performed on a FACScan flow cytometer
(Becton Dickinson). Analysis for the group 1 animals was performed with gates
set simultaneously on lymphocytes, based on forward scatter (FSC) versus side
scatter (SSC) and FL3 (CD3) versus SSC. For group 2 animals, analysis was
performed with gates set on lymphocytes according to their forward-versus-side
scatter characteristics. A minimum of 5,000 gated events (which amounted to
10,000 to 25,000 total counted events) were collected for each sample in list
mode. Data were collected and analyzed by CellQuest software (Becton Dick-
inson).

Intracellular cytokine ements by flow cytometry. Cells were prepared
for three-color intracellular cytokine analysis according to previously described
(22) procedures, with modifications. Cryopreserved LPL and PBMC were incu-
bated for 12 h at 37°C in complete RPMI 1640 supplemented with 20 ug of
ciproflaxin hydrochloride (Miles Inc., Kankakee, Ill.) per ml at a density of 2 X
10° cells/ml. Then cells were stimulated for 4 h with 10 ng of phorbol myristate
acetate (PMA; Sigma) per ml, 500 ng of ionomycin (Calbiochem-Novabiochem
Corporation, San Diego, Calif.) per ml, and 2 wuM monensin (Sigma). Negative
controls included cell samples incubated with 2 uM monensin only. Upon stim-
ulation, cells were washed with cytoflow buffer and incubated for 30 min at 4°C
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with either anti-human CD8-TC (Caltag) or anti-human CD4 (OKT4; Ortho)
followed by goat anti-mouse IgG (heavy plus light chain)-TC (Caltag). Cells were
washed with 1X PBS and fixed in solution A (Cell Fix & Perm Kit; Caltag). The
cells were then washed and resuspended in permeabilization solution B and
incubated with mouse anti-human IFN-y-FITC (Pharmingen, San Diego, Calif.)
and mouse anti-human IL-4-PE (Pharmingen). The samples were washed and
resuspended in 1X PBS for measuring cell fluorescence. Negative controls in-
cluded the cell samples stained with isotype-matched mouse antibodies (IgG1-
FITC and IgG1-PE; Caltag) resuspended in permeabilizing solution B. Controls
for nonspecific binding of antibodies included the cell samples labeled with
anti-IFN-y and anti-IL-4 monoclonal antibodies in 1X PBS. Following this re-
action, cells were washed, resuspended in 1X PBS, and analyzed with a FACScan
flow cytometer. Cell events were collected by double gating on FSC/SSC and FL3
(CD4 or CD8)/SSC to identify only the cells that satisfy both requirements of
being lymphocytes and being positive for desired surface marker. The proportion
of cytokine producing T cells for each subset was determined from the FL1-
versus-FL2 dot plot. Data collected was analyzed by CellQuest software (Becton
Dickinson).

Measurement of SIV-specific CTL activity. Lymphocytes isolated from the
intestinal mucosa were cultured in a limiting-dilution format due to the low
number of cells recovered, as previously described (40), in parallel with lympho-
cytes from blood, spleen, and lymph nodes. Lymphocytes were diluted threefold
serially for three dilutions in complete medium with replicates of 28 to 30 wells
per dilution in 96-well round bottom plates (Fisher). The cells were stimulated
with concanavalin A (10 pwg/ml; Sigma) and supplemented with human irradiated
PBMC as feeder cells at a concentration of 10° per well and 5% human IL-2
(Schiapparelli Biosystems, Inc. Columbia, Md.). On day 7 of culture, 20 U of
recombinant human IL-2 (donated by Cetus Corp., Emeryville, Calif.) per ml was
added. Cytotoxicity was measured on day 14. Individual wells were split three
ways and assayed for cytolytic function in a 5-h chromium release assay against
autologous target cells. Autologous B lymphocytes were transformed by Herpes
papio (594Sx1055 producer cell line; provided by M. Sharp, Southwest Founda-
tion for Biomedical Research, San Antonio, Tex.), infected overnight with wild-
type vaccinia virus (strain WR) or a recombinant vaccinia virus expressing
the p55%* or gpl160“" of SIV,,,.239 (provided by L. Giavedoni and T. Yilma,
University of California, Davis), and then labeled with 50 pCi of chromium-51
(Na,CrO,; Amersham Holdings, Inc. Arlington Heights, I11.) per 10° cells. Pos-
itive wells were scored from supernatant chromium measured in a liquid scin-
tillation counter (Microbeta 1450; Wallac Biosystems, Gaithersburg, Md.) and
had at least 15% specific lysis, based on a bimodal distribution of chromium
release.

RESULTS

Early dissemination of SIV infection in intestinal mucosa.
Cells with active SIV replication were localized in intestinal
tissue samples by in situ hybridization through the entire SIV
infection course (Fig. 1). The SIV-infected cells were detect-
able as early as 1 week following infection and were found to
be present through the entire course of SIV infection (Fig.
1A). The virally infected cells were widely disseminated in the
gut-associated lymphoid tissue (GALT; lamina propria, lym-
phoid follicles, and Peyer’s patches). Many of the IEL and LPL
were positive for SIV RNA (Fig. 1C). Comparison of jejunum
with Ax-LN and Ms-LN showed comparable levels of infected
cells in jejunum and Ax-LN at 2 weeks p.i. during the primary
SIV infection (Fig. 1B), whereas Ms-LN had higher levels of
infection. While number of infected cells in the Ax-LN de-
creased at 4 weeks p.i. (level 1), both jejunum and Ms-LN
maintained the same level of infection. These results demon-
strated that the GALT was an early target of SIV dissemina-
tion and remained an active viral reservoir until the terminal
stage of viral infection. Although both T cells and macrophages
were positive for SIV RNA throughout the SIV infection
course, it was noted that macrophage infection was predomi-
nant during the primary acute and terminal stages of SIV
infection (28).

Severe depletion of CD4*CD8™ single-positive and CD4*
CDS8* double-positive T cells occurred in small intestinal mu-
cosa during primary SIV infection. The prevalence of CD4*
CD8 and CD4 CDS8" single-positive and CD4"CD8" dou-
ble-positive T-lymphocyte subsets was determined in the cell
populations of IEL and LPL isolated from jejunal tissues by
using two-color flow cytometric analysis (Fig. 2). In the unin-
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fected control animal, IEL had relatively fewer CD4"CD8~
single-positive T cells (7.6%) than LPL (22%), as shown in Fig.
2. Both IEL and LPL had remarkably high percentages of
CD4"CD8" double-positive T cells (13 and 11%, respective-
ly). The IEL had a higher percentage of CD8" T cells (15%)
than LPL (22%). Compared to the uninfected animals, a no-
table change occurred in the CD4" T-cell percentages from
SIV-infected animals.

A dramatic depletion of both CD4*"CD8" single-positive
and CD4"CD8" double-positive T cells was observed in both
IEL and LPL compared to the preinfection values from the
same animals as well as uninfected controls (Fig. 2). The CD4™"
T-cell loss was more prominent in IEL than LPL. The CD4*
T-cell depletion in IEL was evident as early as 1 week p.i. (5%)
compared to the uninfected control (13%) and remained low
(<3%) through the primary acute (till 3 weeks p.i.) and early
asymptomatic (4 to 6 weeks p.i.) stages (Fig. 3A). A transient
increase of CD4" T cells occurred at 1 week p.i. in the LPL
(44%) compared to the uninfected control (16%), which was
followed by a rapid depletion appearing at 2 weeks p.i. The
CD4™" T-cell depletion was notable in the early asymptomatic
stage (5%) at 6 weeks p.i. The prevalence of CD8" T cells
among IEL and LPL showed a relative increase in primary SIV
infection that coincided with the CD4" T-cell depletion (Fig.
3A).

No restoration of either CD4"CD8~ single-positive or
CD4*CD8* double-positive T cells in intestinal mucosa was
detectable in the asymptomatic or terminal stage of SIV infec-
tion. Data on the immunophenotypic alterations in intestinal
lymphocytes were obtained from long-term SIV-infected ani-
mals (group 2) in the asymptomatic (16 to 36 weeks p.i.) or
SAIDS (1 to 1.5 years p.i.) stage. Depletion of CD4"CD8~
single-positive and CD4"CD8" double-positive T-cell subsets
of IEL and LPL was observed through the asymptomatic and
terminal stages of SIV infection. The percentages of CD4"
CD8" single-positive and CD4"CD8" double-positive TEL
were much lower (<1%) in SIV-infected animals than in the
uninfected control animals (8 to 17%) in group 2. Similarly, the
percentages of CD4"CD8" single-positive and CD4"CD8"
double-positive LPL remained very low (1 to 7%). The prev-
alence of CD4~CD8™ single-positive T cells in IEL and LPL
showed a relative increase in IEL and LPL that coincided with
CD4" T-cell depletion in SIV infection.

CD4™" T-cell depletion was gradual in peripheral lymph
nodes and PBMC in contrast to the intestinal mucosa. The
prevalence of CD4" and CD8" T-cell subsets in lymphocytes
was determined from peripheral blood and Ax-LN and Ms-LN
and compared with the prevalence of these subsets in IEL and
LPL from SIV-infected and uninfected animals. In uninfected
controls, PBMC had higher percentage of CD4*"CD8™ single-
positive T cells than IEL and LPL (Fig. 2). In contrast, PBMC
had low (2%) prevalence of CD4"CD8" double-positive T
cells compared to IEL and LPL. The CD4~CD8™ single-pos-
itive cells were the prevalent T-cell subset among PBMC, IEL,
and LPL.

In SIV-infected animals, a small decline occurred in the
percentage of CD4*CD8™ T cells in PBMC at 2 weeks p.i.
(Fig. 2 and 3). The prevalence of CD4"CD8™ T cells in pe-
ripheral blood varied among the animals in the asymptomatic
stage (6 to 22%) but remained lower than in the uninfected
controls (32 to 57%). The CD4 " T-cell depletion was apparent
in PBMC during the terminal stage of infection (13 to 37%).
The severity of CD4" T-cell depletion in intestinal mucosa
during the primary SIV infection and persistence of CD4™" T-
cell loss through asymptomatic stage was not adequately re-
flected in the peripheral blood compartment. There was no



VoL. 72, 1998
A
4
g
-g 34 4]
ot
5
> 27 L ] | 4}
[
7
Gt
S 1im L
[
K
0
1-4 16-36 SAIDS
Weeks post-infection
B
5
E Jejunum
4 O AxIN
MS-LN

Level of SIV Infection
v

2 4
Weeks post-infection

FIG. 1. SIV-infected cells were detected in intestinal mucosa through the
entire course of SIV infection. SIV-infected cells in jejunal tissues were detected
by in situ hybridization, and the level of SIV infection was scored according to the
scale described in the Materials and Methods. (A) Levels of SIV infection in
jejunal tissue during the primary acute (1 to 4 weeks p.i.), asymptomatic (16 to
36 weeks p.i.), and SAIDS stages. (B) Comparison of the levels of viral infection
in jejunum, Ax-LN, and Ms-LN from the same animal during the primary acute
phase of SIV infection. (C) SIV-infected cells in intestinal epithelium and lamina
propria.

obvious change in the proportion of peripheral CD4"CD8*
double-positive T cells in SIV infection. The percentage of
CD4~CD8™" T cells was variable in PBMC but increased con-
siderably (30 to 50%) during the primary SIV infection and
remained high through the terminal stage.

In both Ax-LN and Ms-LN, the decline in the percentages of
CD4*CD8™ single-positive T cells (~10% drop) was less evi-
dent than the decline in IEL and LPL lymphocytes during
primary SIV infection (Fig. 3B). There was an increase of
CD4~CD8™ single-positive T cells percentages in Ax-LN and
Ms-LN at 2 weeks p.i. that correlated with a reduction in per-
centages of CD4"CDS8~ single-positive T cells. No major
changes were seen in the proportions of CD4*CD8" double-
positive T cells from 1 to 4 weeks p.i. in the lymph nodes.

The CD4™" T-cell depletion was reflected in a decline in the
CD4/CDS8 ratios in IEL, LPL, PBMC, and Ax-LN and Ms-LN
lymphocytes (Fig. 4). In IEL, the CD4/CD8 T-cell ratio dropped
precipitously from a preinfection value of 0.7 to 0.1 during the
primary acute stage and remained less than 0.1 thereafter. In
comparison, the decline in the CD4/CD8 T-cell ratio was more
gradual in LPL and PBMC during the course of SIV infection.
In summary, the severity of the depletion of CD4"CDS8"~ sin-
gle-positive and CD4*CD8™" double-positive T cells and the
qualitative nature of the decline in CD4/CDS8 T-cell ratio in the
intestinal mucosa were different from those occurring in T cells
from peripheral blood and lymph nodes.
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Establishment of a flow cytometric assay for the detection of
intracellular cytokine production in mitogen-activated simian
CD4" or CD8* T cells. We optimized a recently described
procedure based on three-color flow cytometry and fluores-
cence-labeled cytokine antibodies to detect and characterize
cytokine responses in specific T-cell subsets in the simian mod-
el. The protocol allowed us to detect intracytoplasmic cytokine
production in CD4" or CD8" T cells of short-term mitogen-
activated mononuclear cell populations. The LPL and PBMC
from SIV-infected animals and uninfected controls were iso-
lated and analyzed (Fig. 5). Profiles of intracellular cytokine
production were determined and presented as percentage of
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FIG. 2. Severe depletion of CD4"CD8~ and CD4"CD8™ T cells in jejunum occurs in primary SIV infection. The IEL, LPL, and PBMC were isolated from the
animals at different stages of SIV infection (primary acute, asymptomatic [Asympt], and SAIDS) and the CD4*CD8~, CD4*CD8", and CD4 CD8" T cells were
analyzed by two-color flow cytometry. Freshly isolated cells were stained with PE-conjugated anti-CD4 and FITC-conjugated anti-CD8 and then analyzed on a flow
cytometer as described in the text. A lymphocyte gate was set on forward versus side scatter, and percentages of positive cells within this gate are shown. Shown are
results for a representative set of animals from different stages of SIV infection, illustrating changes in distribution of CD4"CD8~, CD4"CD8", and CD4 CD8* T-
cells subsets between different tissue compartments (IEL, LPL, and PBMC) within the same animal.

cells positive for the cytokine production for gated CD4™" or
CD8™" T cells. Short-term stimulation with PMA by itself did
not have any observable effect on the proportion of CD4™ T
cells or on the intensity of CD4 expression in PBMC (data not
shown). A number of controls were set up to validate the
specificity of binding of the labeled cytokine antibodies. Each
antibody was tested for staining with fixed but not permeabil-
ized cells. To determine the specificity of anti-human IFN-y—
FITC and anti-human IL-4-PE for monkey IFN-y and IL-4,
the binding was inhibited by unlabeled anti-human IFN-y and
IL-4. Preblocking of cells with unlabeled antibody (100 pg/ml)
for IFN-y and IL-4 resulted in >98% blocking of IFN-y—-FITC
and IL-4-PE binding, respectively (data not shown). Preincu-
bation with isotype-matched mouse IgG did not inhibit binding
of anticytokine antibodies to the activated and permeabilized
cells.

Intestinal T lymphocytes retained the potential of IFN-y pro-
duction during all stages of SIV infection. In uninfected ani-
mals, the capacity of CD4™" T cells to produce IFN-y was found
to be similar between mitogen-activated PBMC (12%) and
LPL (15%). The proportion of CD8" T cells producing IFN-y
in PBMC (35%) was close to that in LPL (28%) (Fig. 6). The
CD8™ T cells appeared to be a more dominant source of IFN-y
production than CD4™ T cells in both LPL and PBMC.

In animals with primary SIV infection (1 to 4 weeks p.i.), the
proportion of CD4™" T cells in PBMC capable of producing
IFN-y was ~18%), slightly higher than in the uninfected con-
trols. A decline in the capacity of CD4" T cells to produce

IFN-y was observed during the asymptomatic (~5%) and
SAIDS (<2%) stages of infection. Compared to CD4™" T cells
in PBMC, the CD4" T cells in LPL seemed to retain their
capacity to produce IFN-y following mitogenic stimulation de-
spite the profound CD4" T-cell depletion associated with STV
infection. The residual lamina propria CD4* T cells from
SIV-infected animals retained very high potential to produce
IFN-y (35 to 77%), while peripheral blood CD4" T cells from
the same animals showed a considerable (<5%) loss in the
ability to express IFN-v.

An increase in the percentages of CD8" T cells producing
IFN-y was seen in both PBMC (42%) and LPL (47%) during
the primary SIV infection (1 and 4 weeks p.i.) compared to the
uninfected controls. The CD8™" T cells in both LPL and PBMC
had retained the potential to produce IFN-vy in the early
asymptomatic phase of infection (42%). A decline in the po-
tential of IFN-y production in CD8" PBMC was visible in the
terminal disease stage (23%). In contrast, CD8" T cells from
the lamina propria were found to upregulate their capacity to
produce IFN-y with the progression of the disease (50%).

To examine whether there were quantitative differences in
the IFN-y production in LPL, the intensity of IFN-y produc-
tion per individual cell (mean fluorescence intensity [MFI])
was determined. The MFI in PBMC from SIV-infected ani-
mals remained similar (at ~60 MFI) for either CD4" or CD8"
T cells compared to the preinfection control values from the
same animals. In contrast, a gradual decline in the intensity of
IFN-y production was observed in both CD4" and CD8" LPL
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FIG. 3. The severe CD4* T-cell depletion in intestinal mucosa during pri-
mary SIV infection is not reflected in peripheral blood and lymph node lympho-
cytes. Lymphocytes were isolated from the five sites indicated from rhesus ma-
caques at 3 days, 1, 2, 3, 4, and 6 weeks post-SIV infection. The percentages of
CD4* and CD8™" T cells were determined by flow cytometry.
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FIG. 4. A severe decline in CD4/CD8 T-cell ratio occurred in intestinal
mucosa during primary SIV infection compared to peripheral and lymph node
lymphocytes and persisted through the SIV infection course. Lymphocytes were
isolated from IEL (A), LPL (B), and PBMC (C) during the primary acute (1 to
4 weeks postinfection), asymptomatic (6 to 36 weeks postinfection), and terminal
(SAIDS) stages of SIV infection. Ax-LN and Ms-LN lymphocytes (D) were
obtained from macaques only at 1, 2, and 3 weeks postinfection. The percentages
of CD4" and CD8* T cells were determined by flow cytometry.

in primary SIV infection compared to uninfected controls. The
intensity of IFN-y production of CD4" LPL was ~80 MFI in
uninfected animals and declined to 54 MFI at 2 weeks p.i. to 31
to 18 MFI at 4 weeks p.i. Similarly, the IFN-y intensity in
CD8" LPL from uninfected animals was ~80 MFI, which
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FIG. 5. Analysis of intracellular IFN-y and IL-4 production in CD8" LPL and PBMC at a single-cell level by three-color flow cytometry. Percentages of CD8"
IFN-y T cells are shown in the plots. The LPL and PBMC were isolated from rhesus macaques during the primary acute, asymptomatic (Asympt), and terminal stages
of SIV infection. Cells were stimulated with PMA-ionomycin, stained with TC-labeled CDS antibody, fixed, permeabilized, and stained intracellularly with FITC-labeled
IFN-y and PE-labeled IL-4 antibodies. The negative control was stained with an isotype-matched control antibody.

declined to 56 MFT at 2 weeks p.i., 40 MFI at 4 weeks p.i., and
26 MFI at 6 weeks p.i.

There was no significant change in the percentage of intes-
tinal T cells capable of IL-4 production in SIV-infected ani-
mals. No significant differences were observed in the capacity
of CD4" and CD8" T cells from both PBMC and LPL to
produce IL-4 in uninfected as well as SIV-infected animals
(data not shown). Production of IL-4 was between 1 and 4% in
both CD4" and CD8" subsets of PBMC and LPL samples
from SIV-infected (primary acute, asymptomatic, and terminal
stages) and uninfected animals. The intensity of IL-4 produc-
tion per individual cell following mitogenic stimulation of SIV-
infected PBMC remained unchanged for either CD4" or
CD8" T cells compared to the preinfection values obtained
from the same animals (~25 MFI).

Comparison of the potential for IFN-y production of intes-
tinal T cells with mesenteric and peripheral lymph nodes and
blood lymphocytes. The extents of short-term mitogenic stim-
ulation-induced TFN-y expression in CD4* and CD8" subsets
of LPL, PBMC, Ms-LN, and Ax-LN from SIV-infected animals
at 2 and 4 weeks p.i. were examined and compared with those
from an uninfected animal (Fig. 7). The LPL from the control
animal had the highest percentage (30%) of CD8" T cells
expressing IFN-y compared to CD8* cells from Ms-LN (5%),
Ax-LN (6%), and PBMC (18%). At 2 weeks p.i., the percent-
ages of CD8" T cells expressing IFN-y increased in the LPL
(54%), PBMC (37%), Ms-LN lymphocytes (25%), and Ax-LN
lymphocytes (11%). The difference between LPL and the other
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FIG. 6. The capacity of LPL for intracellular IFN-y expression was retained
through the SIV infection course, while a gradual decline was seen in peripheral
blood with disease progression. Frequency of IFN-y cells was determined among
the CD8" or CD4™" T-cell populations of LPL (A) and PBMC (B) during the
course of SIV infection by three-color flow cytometry. Cells were stimulated with
PMA-ionomycin, stained for CD8 or CD4, fixed, permeabilized, and stained
intracellularly for IFN-y and IL-4. A negative control was stained with an iso-
type-matched control antibody.
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FIG. 7. Comparison of the potential of intracellular IFN-y production by
CD8" (A) and CD4* (B) T cells among LPL, Ms-LN and Ax-LN lymphocytes,
and PBMC at 2 and 4 weeks post-SIV infection by flow cytometric analysis.
Variable frequencies of INF-y cells were found among the cells from different
tissues.

three tissue compartments was most pronounced at 2 weeks
p-i. The similar pattern of IFN-y production was seen at 4
weeks post-SIV infection, suggesting that CD8" T cells in the
peripheral and mucosal compartments had retained the ability
to produce IFN-y in the primary acute as well as early asymp-
tomatic stages of infection.

In the uninfected animal, LPL had the highest percentage of
CD4™" T cells expressing IFN-y compared to PBMC and Ms-
LN and Ax-LN lymphocytes. The CD8" T cells were a richer
source of IFN-y than CD4* cells (Fig. 6 and 7).

No major differences were observed in the capacity of CD4™"
and CD8™ T cells to produce IL-4 among PBMC, LPL, and
Ms-LN and Ax-LN lymphocytes.

LPL have CTL activity in primary SIV infection. LPL,
PBMC, and lymphocytes from Ax-LN and Ms-LN were iso-
lated from the animals at 1, 2, or 4 weeks post-SIV infection
and examined for the presence of CTL activity specific for SIV
gag and env by limiting-dilution analysis. The LPL were posi-
tive for CTL activity against SIV env- and/or gag-expressing
target cells at all three time points tested. Virus-specific CTL
activity was also detected in lymphocytes isolated from Ax-LN
and Ms-LN, spleen, and PBMC at 2 and 4 weeks post-SIV
infection. However, the level of CTL activity in all these tissues
was quite low and did not dilute out in the assay (data not
shown). The SIV-specific CTL was more readily detectable in
the IEL subpopulations of these animals (data not shown). A
similar observation of higher CTL activity in IEL than LPL was
noted by other investigators (11).

DISCUSSION

Although information is not available on the viral loads or
dissemination in intestinal mucosa during primary HIV infec-
tion, several studies have demonstrated the presence of viral
proteins or nucleic acids in the intestinal mucosa in later stages
of HIV infection (7, 23, 27, 36, 51). In previous and current
studies of rhesus macaques intravenously infected with SIV,
viral RNA could be readily detected in macrophages and T
lymphocytes of the intestinal lamina propria as early as 3 days
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after infection (28, 61). Though both SIV-infected T cells and
macrophages were detected in intestinal mucosa through the
entire course of SIV infection, the presence of SIV-infected
macrophages was more dominant in the primary acute and
terminal stages of SIV infection (28). The severity of the CD4™
T-cell depletion seen in the primary SIV infection may have
resulted from the cytopathic effect of direct SIV infection. It
has been shown that CD4" memory T cells in the peripheral
blood appeared to be preferentially infected with HIV (59).
Since a majority of IEL and LPL were found to be activated
memory T cells, they may be readily infected by the virus and
contribute to the viral reservoir (56). The CD4" memory T
cells are known routinely to reenter the mucosal surfaces after
circulating through the peripheral blood. The homing of in-
fected T cells at intestinal mucosal surfaces may add to viral
burden in the tissue due to new infections. Our results dem-
onstrated the presence of virally infected cells in small intestine
throughout the entire course of SIV infection, suggesting that
the intestinal mucosa served as a potent viral reservoir. It may
be important to consider the intestinal tissue while determin-
ing the efficacy of antiretrovirus regimen and vaccines.

A hallmark of HIV infection is the marked depletion of
CD4" T cells in PBMC and peripheral lymph nodes which
contributes to overt immunodeficiency during the advanced
stages of disease. The decline in CD4" T cells in PBMC is
progressive and is most pronounced during the later stages
of infection. Our data demonstrated that a rapid depletion
of CD4" T cells occurred in both LPL and IEL of the in-
testinalmucosaearlyduringthe primarySIVinfection. Recent-
ly, CD4" T-cell depletion in LPL of macaques infected with
pathogenic molecular clone SIV,,,.239 was reported (64). We
did not detect any obvious restoration of CD4™ T-cell popu-
lation during the asymptomatic stage of SIV infection or there-
after. Although no information is available on intestinal CD4"
T-cell depletion in primary HIV infection, a more pronounced
CD4™" T-cell depletion in intestinal biopsies was observed com-
pared to PBMC in patients with advanced HIV infection (8, 39,
57, 58). The mechanisms of early CD4" T-cell depletion in
intestinal mucosa and its implications in the intestinal micro-
environment are not fully known. A number of mechanisms
may account for the CD4" T-cell depletion in HIV or SIV
infection. These include direct and indirect cytopathic effects
of viral infection on infected and uninfected CD4" T cells
and/or altered lymphocyte regeneration and/or trafficking. We
have found numerous SIV infected cells in jejunal tissues in
primary SIV infection. A direct cytopathic effect of viral infec-
tion on CD4™" T cells through direct killing of the infected cells
by high rates of viral replication is likely to be one of the key
mechanisms of CD4" T-cell depletion in early SIV infection
(10, 19, 32, 67). Alternatively, the induction of apoptosis may
play a large role in this process. We have detected many apo-
ptotic cells in intestinal mucosa during primary SIV infection
which could be induced by the virally expressed genes (data not
shown). The HIV-1 encoded vpr and fat genes have been
shown to induce apoptosis in T cells (46, 60). Removal of
infected cells by the cytotoxic T cells or antibodies could con-
tribute to the CD4™ T-cell depletion (48). It has been estab-
lished that memory CD4™" T cells are preferentially affected by
HIV infection (59). The majority of the T cells residing in
intestinal mucosa, both IEL and LPL, express memory mark-
ers and thus may be the favored target of the virus. A bystander
effect due to immune activation in intestinal tissue may be
another mechanism of uninfected CD4™" T-cell depletion. The
GALT is known to harbor many activated T cells due to anti-
genic stimulation in this environment that may facilitate apo-
ptosis of intestinal immune cells. Other mechanisms of by-
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stander cell elimination using the Fas receptor-ligand pathway
include CD4 cross-linking induced apoptosis (53) and expres-
sion of FasL ligand by infected monocytic cells in the lymph
nodes (3). The severity of CD4" T-cell depletion in SIV-in-
fected jejunal tissues suggest that killing of bystander cells may
be an important mechanism in the intestine. A different expla-
nation is offered by a model of cytokine-induced lymphocyte
extravasation that proposes that CD4" T-cell depletion from
the peripheral blood may be a result of altered lymphocyte
migration and sequestration in the lymph nodes, which corre-
lated with increased plasma IFN-y and tumor necrosis factor
alpha levels (55). Exposure of resting CD4" T lymphocytes to
HIV transiently upregulated expression of CD62L (L-selectin),
the receptor for homing to lymph nodes, in SCID mice (66).

A high proportion (10 to 15%) of both IEL and LPL from
the uninfected animals were CD4*CD8" double-positive T
cells. In contrast, PBMC harbored 5 or <5% of CD4*CDS8*
double-positive cells. The function of these cells is still not
completely understood. However, they have been shown to
have helper T-cell function and the capability to produce either
Th1 or Th2 cytokines (24). The origin of these cells has been
elucidated in the mouse model as extrathymic since it was
shown that CD4" single-positive IEL became CD4*"CD8"
double positive by acquiring CD8 expression under the influ-
ence of the intestinal epithelium (49). Our results have dem-
onstrated depletion of CD4*CD8™" double-positive T cells in
IEL and LPL by 2 weeks post-SIV infection and coincided with
the depletion of CD4"CD8™ single-positive cells.

In contrast to IEL and LPL, the decline in CD4™" T cells was
more gradual in PBMC and Ms-LN and Ax-LN lymphocytes
and became more apparent in advanced stages of SIV infec-
tion. This was coincident with a distinct increase in the pro-
portion of CD8* T cells. In HIV infection, an increased num-
ber of CD8™" T cells in peripheral blood has been attributed to
the existence of T-cell homeostatic mechanisms to maintain a
constant level of circulating T cells and to compensate for the
loss of CD4™ T cells (2, 25, 45). Alterations in intestinal T-cell
homeostasis in primary HIV infection are not known. Impli-
cations of jejunal CD4" T-cell depletion in the primary SIV
infection on the local immune functions are not completely
defined. It will be important to examine whether innate re-
sponses assume a greater role in local host defenses against
infections and may compensate partially for the loss of CD4*
T cells.

We found that the percentage of CD4~ CD8" double-nega-
tive lymphocytes in LPL seemed to increase in intestinal lym-
phocyte samples throughout the course of SIV disease (70 to
80%) compared to the uninfected controls (45%). Since this
population was within the lymphocyte gate, it may consist of
null cells, natural killer cells, antibody-dependent cellular cy-
totoxic effectors, B cells, and others. The immunophenotypic
and functional characteristics of the CD4~CDS8™ double-neg-
ative cells (non-B cells) in the intestine are not fully known and
will be of interest to examine in SIV-infected tissues.

Both HIV and SIV infections are characterized by the de-
velopment of T-cell anergy, which is evidenced by decreased
proliferative responses of PBMC to mitogenic or antigenic
stimulations. During the primary SIV infection, the high po-
tential of CD4% and CD8" T cells to produce IFN-y in the
peripheral blood was observed, which could be indicative of
healthy host immune system and T lymphocytes. A steady de-
cline in the potential of CD4™ T cells was seen thereafter,
which could be attributed to CD4" T-cell depletion and an-
ergy. It was interesting that CD8* PBMC retained potential to
produce IFN-vy during the asymptomatic stage and showed a
decline only in the terminal stage. Recent studies have re-
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ported relatively intact responses of PBMC from HIV-infected
asymptomatic individuals to mitogenic stimulations by this pro-
cedure (5). Contradictory results have been reported regarding
a shift from a Th1 to a Th2 type response in PBMC of HIV-
infected patients during disease progression (9, 33, 50). IL-4
production by PBMC cultures in vitro was found to be either
normal, decreased, or increased (4, 15, 16, 20, 21, 35, 43, 47,
69). Our results showed no increase in the potential of CD4™"
and CD8" T cells to express IL-4 during the course of SIV
infection.

The CD8" lamina propria lymphocytes had retained high
potential of IFN-y production at all stages of SIV infection
(Fig. 6). This could be attributed to the active and persistent
SIV infection in the lamina propria. The majority of CD8"
LPL were CD69" (an early cell activation marker), indicating
an activated status of these cells (data not shown). Most CD8"
T cells in the intestinal mucosa have the memory phenotype
(our unpublished results and reference 56). Therefore, in-
creased IFN-y production from CD8" LPL could reflect an
activated cellular immune response to SIV infection in the
intestinal mucosa. In advanced HIV infection, many intestinal
CD8™ T cells were activated HLA-DR ™ and cytotoxic CD11a™
and had the potential to function in local immune responses
(58). Such activated cytotoxic CD8" T cells could recognize
HIV antigens (12, 37, 52, 65) and may aid in control of infec-
tion.

The proportion of CD4™ T cells in LPL declined consider-
ably in SIV infection. However, the few hundred detectable
residual CD4 ™" -positive T cells in samples during asymptomatic
and SAIDS phases showed a very high capacity for activation
and IFN-y expression (Fig. 6). An upregulation in capacity to
produce IFN-y in CD4" and CD8" T cells in the lamina
propria of the intestinal tissue may indicate an activated cel-
lular immune response to SIV infection.

Retaining the potential of IFN-y production by intestinal T
cells may be crucial in suppressing viral infection. However,
this may reflect dysregulation in cytokine balance leading to
pathological symptoms observed in the GI tract. IFN-y was
shown to directly alter the epithelial barrier function by in-
creasing the tight junction permeability (1, 42), and coculturing
of human LPL producing IFN-y with HT29 colonic epithelial
cells resulted in killing of HT29 cells (14). An increased IFN-y
expression may also alter the local cytokine network and lead
to further recruitment of inflammatory cells into the site of
infection, which may contribute to viral pathogenesis. Thus,
the increased IFN-vy production may alter the integrity of the
intestinal epithelium following infection and may be one of the
major contributing factors in SIV-associated enteropathy.

The LPL were positive for the CTL activity specific against
SIV gag and env as early as 1 week post-SIV infection. This
activity was present through the primary acute and asymptom-
atic stages of infection. The high potential of IFN-y expression
following mitogenic stimulation coincided with the virus-spe-
cific activity in LPL. These results pointed to the potentially
very crucial function of LPL in suppressing viral infection in
intestinal mucosa. The CTL activity was detectable more read-
ily in IEL than in LPL (our unpublished results and reference
11).

Comparison of IFN-y expression in jejunal LPL with T lym-
phocytes from other lymph nodes and blood within the same
animal at 2 weeks p.i. (Fig. 7) showed that peripheral lymphoid
compartments (PBMC and Ax-LN) did not accurately repre-
sent the extent of T-cell activity present in mucosal lymphoid
tissues. Our results demonstrated that an increased percentage
of intestinal T cells were able to become activated and express
IFN-v in SIV infection and harbored SIV-specific CTL activity.
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On the contrary, this ability was reduced in PBMC, emphasiz-
ing the importance of studying intestinal lymphoid tissue as
well as PBMC in order to get an in-depth understanding of
HIV immunopathogenesis.

In summary, the small intestinal mucosa is an early site for
dynamic changes in T-cell populations and perturbations in
CD4" and CD8" T cells that may lead to altered T-cell ho-
meostasis in the intestinal microenvironment. It will be impor-
tant to examine the role of these events in the disease outcome
since it could be an important mechanism of viral pathogene-
sis. Most of the studies on HIV pathogenesis and on antiret-
rovirus therapy and vaccines rely heavily on the analysis of
PBMC. Our studies have indicated that all the immunopheno-
typic and functional changes in intestinal T cells are not ade-
quately mirrored by PBMC. Therefore, it will be important to
take this point into consideration while studying the restora-
tion of immune functions and CD4 replenishment in antiret-
rovirus therapy and vaccine development.
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